Abstract: Rare earth upconversion nanoparticles (UCNPs) with the superior performance in the biomedical field have attracted great attention. Due to the good light stability, low toxicity, deep tissue penetration and excellent biocompatibility, UCNPs display great potential for development in the biomedical field. Excellent related reports are increasing year by year, like molecular sensing, bioimaging and therapeutics. In this paper, the preparation, modification, application of upconversion fluorescent nanoparticles and the latest research results in the field of biomedical materials have been reported in detail.
Introduction
Upconversion nanoparticles (UCNPs) is a kind of functional materials that converts low-energy photons into high-energy photons, usually composed of inorganic matrices and rare earth doped ions. The doped rare earth ions can absorb low-energy long-wavelength photons and emit high-energy short-wavelength photons through multi-photon transitions, converting the infrared light into visible light. Essentially, upconversion fluorescence is a kind of anti-Stokes light [1] . UCNPs consist of three parts, activator, sensitizer and matrix material. Activator is used as the light center. Sensitizers is used to absorb energy and transfer energy to the activator ions. The matrix material generally does not participate in the transfer of energy, but acting as a fixed dopant ion and providing the appropriate crystal field for the luminescent center. For example, β-NaGdF 4 :Yb 3+ , Ln 3+ (Ln = Er 3+ , Tm 3+ , Ho 3+ ) [2, 3] , Ln 3+ is the activator, Yb 3+ is the sensitizer, β-NaGdF 4 plays the role of matrix material. Upconversion fluorescence is based on three light-emitting mechanisms: excited state absorption (ESA), energy transfer upconversion (ETU), photon avalanche (PA), cooperative energy transfer (CET) and energy migration-mediated upconversion (EMU). ESA was presented by Bloembergen [4] et al. in 1959, it means that one ion jumps from the ground state to the higher excited state through the continuous multiphoton absorption, which is shown in Figure 1a . At first, the luminescent center transfers from the ground state to the intermediate metastable E 1 by absorbing photons f 1 , and then absorbs the photon energy of f 2 to reach the excited state E 2 to form two-photon absorption. Finally it returns to ground state E 0 to emit photons of frequency f. Figure 1b shows the ETU mechanism, when the energy of one ion in the excited state and the other in the ground state satisfies the energy match, the excited state ion releases energy by self-relaxation back to ground state, the other ion receives energy to a higher energy state E 2 .The PA mechanism is shown in Figure 1c . Ion2 transfers from metastable E 1 to excited E 2 by absorption of f 1 and then releases part of the energy by self-relaxation back to E 1 , which is transferred to Ion1 resulting the transition from E 0 to E 1 . Ion1 continues back to E 0 and releases f 1 energy by self-relaxation. At this time Ion2 receives energy and transfers from E 1 to E 2 by cross-relaxation (CR), resulting in avalanche increasing. The electrons in E 2 state are unstable and back to the ground state E 0 to release more energy [5] . The biggest difference from ETU is that CET has no real intermediate energy state and is very inefficient, specifically shown in Figure 1d . In a typical CET process, two ions(Ion1, Ion2) in the middle metastable E 1 are excited to the virtual excited state E 2 and simultaneously transfer their energy to the Ion3 for upconversion. In 2011, Liu's group [6] proposed a new upconversion mechanism, energy migration-mediated upconversion (EMU) as shown Figure 1e . In this phenomenon, there are four kinds of light-emitting components, sensitizer, accumulating agent, migration agent and activator. They are integrated into different layers within nanoparticle. After laser irradiation, the EMU process occurs at the core of the nanoparticle (Ion1) and then the energy is gradually transferred from the accumulating agent(Ion2) to the migration agent(Ion3) to the activator(Ion4) to produce upconversion luminescence. These five theoretical models build the luminescence principle of UCNPs.
UCNPs are different from many organic fluorescent dyes and quantum dots (QDs), UCNPs are chemically stable and never bleach. The emission wavelengths of UCNPs do not dependent on crystal size and the multicolor emission can easily be accomplished by varying host crystal and RE dopant [7] . Organic fluorescent dyes are traditional fluorescent indicator, but the photo bleaching and photo degradation are serious because of the poor photochemical stability. In addition, the application of organic dyes is usually based on ultraviolet light or visible light as the excitation light source, whose tissue penetration is poor. Long exposure to high energy photons may lead to biomolecule damage and background fluorescence of organisms itself limit the application of organic fluorescent dyes in biomedical. Similar as fluorescent dyes, QDs also require ultraviolet light or visible light as excitation light sources, furthermore, there are biological application defects like tissue penetration, biological tissue destructiveness and autofluorescence interference. Lanthanidedoped UCNPs which can be excited by infrared irradiation can effectively solve these problems [8] . UCNPs as a new kind of functional materials have zero autofluorescence feature, rather narrow emission bands, deep tissue penetration [7, 9] , tunable multicolour emission, exceptional photo stability and low toxicity in vitro or vivo [10] [11] [12] [13] . UCNPs have been wielded applied in biological imaging, DNA detection, immunoassay, photodynamic therapy, photo catalysis, optogenetics, drug deliver and solar cells [14] [15] [16] [17] .
During recent years, UCNPs as an efficient candidate for fluorescence imaging has become a research hotspot in the field of biomedicine. In this paper, authors systemically introduce the usual preparation, modification and biomedical application of upconversion fluorescent nanoparticles. In the end, the potential of its future development in the field of biology and medicine is also prospected.
Preparation of upconversion nanoparticles
Controlling the synthesis of monodisperse upconverting nanoparticles is critical for the application of bioimaging and targeted therapies. Nanoparticles can be synthesized flexibly by controlling synthesis conditions including reaction temperature, reaction time, precursor concentration and surfactants, etc.There are many methods to prepare rare-earth upconversion nanoparticles, including precipitation, thermal decomposition, hydrothermal solvent heat, sol-gel method, combustion method and microemulsion method. Here, we will describe these typical synthetic lanthanide nanoparticles methods in detail.
Coprecipitation method
The precipitation method is based on precipitation reaction. Add precipitant into the salt solution containing the cationic components of the pre-prepared material, or salt solution directly hydrolysis at a certain temperature, making the ions in raw materials form various kinds of precipitations. Figure 2 . His method can accurately control the shapes, sizes and intense upconversion luminescence (UCL). Qiu [22] creatively prepared fluorescence-enhanced Yb 3+ /Tm 3+ -codoped fluoride active core/active shell/inert shell nanoparticles through coprecipitation method. The precipitation method has the characteristics of simple operation process, low cost, fast nucleation growth rate and high purity of the product.
However, synthetic nanoparticles often occur severe agglomeration, which is not conducive to biological applications.
Thermal decomposition method
Thermal decomposition method is based on the traditional solvent thermal method, but specifically introduce trifluoroacetic acid rare earth salt and rare earth halide that decompose at high temperatures into the reaction system. A variety of rare earth precursor salt can be prepared by adding them into high boiling organic solvents (oleic acid/carbon octadecene, oleic acid/oleyl amine, pure oil amine system). The rare earth precursors would be decomposed into rare earth fluoride nano-materials in the nitrogen atmosphere at 250~340 ∘ C. phase and particle size of the product. Different from coprecipitation method, the nanoparticles prepared by thermal decomposition method have good crystallinity, high luminous efficiency and uniform size. Furthermore, the particle size is controllable. But the reaction conditions are harsh. The whole synthesis process must be under high temperature, anhydrous and oxygen-free. The synthetic particles are usually oil-soluble and the toxicity is high. 
Hydrothermal solvent thermal method
Hydrothermal solvent thermal method is generally completed in the special closed reactor under high temperature and high pressure with water or organic solvents. The reaction time, reaction temperature, ion concentration and the volume of solvent can affect the product morphology (spherical, hexagonal, nanorods, hexagonal prism etc.) and the size. The hydrothermal solvate method is simple and inexpensive, without any special high heat treatment. Liu et al. [11] reported preparation of Gd 3+ doping NaYF 4 nanoparticles by using this method, and simultaneously controlled the crystalline phase and size etc by addition of Gd 3+ ions. The Gd 3+ ions promoted the phase transformation from cubic to hexagonal and reduced the particle size from large micro-tubes to small cubes, as shown in Figure 4 . In addition, Wang [31] and his co- workers also used this method to synthesize Ca doped CeF 3 , Ca promoted the hexagonal cube phase transition. Recently, Yi [32] Figure 4 . The Hydrothermal solvent thermal method should be completed in a special closed container compared with other preparation methods, the reaction temperature is relatively low, resulting low energy consuming and high product. The size and shape of UCNPs can be well controlled. The production cost is low, which is very suitable for commercialization.
Sol-gel method
Sol-gel method refers to the method of producing various nano inorganic materials or composite materials by the solution of the organic or inorganic materials of metal through solution-sol-gel evolvement at low temperature. [34] . The sol-gel method has the advantages of easy control of doping amount, low heat treatment temperature, simple equipment and low price. However, the method needs a long reaction time, the size of prepared UCNPs is difficult to control and particles are severely agglomerated after high temperature calcination, which limits the medical application.
Microemulsion method
Microemulsions are thermodynamically stable colloidal dispersions with transparent or translucent. Colloidal dispersions are usually composed of oils, water, emulsifiers and co-emulsifiers. In the microemulsion method, all chemical reactions take place inside the droplets. At the beginning of the reaction, the precipitated nuclei of the product are first formed. When the size of the particles approaches the droplet size, the film formed by the surfactant molecules adheres to the surface of the particles and acts as a "protective agent" to limit further growth of the precipitate. By using cetyltrimethylammonium bromide/2-octanol/water as microemulsion system, Shi et al. [35, 36] prepared CaF 2 and BaF 2 particles below 100 nm. The products prepared by the microemulsion method have poor monodispersity, and the relative yield of the prepared nanoparticles is relatively small, which is suitable for laboratory research and is difficult to be applied to large-scale production.
Combustion method
Usually, metal nitrate is mixed with organic fuel in aqueous solution and water is evaporated by heating to cause explosive reaction, and the generated large amount of heat promotes the formation of the target product. [37] [38] [39] . The luminescent materials synthesized by it have corresponding adaptability and the burning gas can protect the rare earth ions from being oxidized, thus eliminating the need for reducing protective atmosphere. However, the purity and luminescence properties of the products produced are not very good.
We compared the preparation methods of UCNPs and compiled a table, as shown in Table 1 . Among these synthetic routes, thermal decomposition, hydrothermal solvent heat and precipitation methods are the most popular and most effective methods for preparing high quality upconverting nanoparticles, the UCNPs prepared by these methods have good monodispersity, uniform size and controllable morphology. Combustion method and microemulsion method are relatively less applied because of some inevitable disadvantages, such as severe agglomeration, poor light performance and difficult size control.
Functional modification of UCNPs
The monodispersed UCNPs with controlled morphology and uniform size can be obtained by a variety of methods. However, the surface of UCNPs prepared by these methods usually contains hydrophobic organic ligands such as oleic acid, oleylamine and carbon octadecene, etc. Hydrophobic UCNPs have limited their use in the biomedical applications. Therefore, the hydrophobic UCNPs must be changed into hydrophilic for biocompatible. Functionalization of UCNPs is achieved by modifying different substances on the surface of UCNPs. Surface modification methods mainly contain ligand exchange method, polymer coating method and silica coating method etc. UCNPs have inappreciable cytotoxicity and negligible organ toxicity through various modifications on the surface, showing overall safety.
Ligand exchange method
UCNPs prepared by thermal decomposition method, are covered with a layer of oleic acid molecules. Chen [40] and Wang [41] changed hydrophobic UCNPs into watersoluble by using the ligand interaction between polyacrylic acid (PAA) macromolecule and surface oleic acid molecules. Hydrophilic PAA molecules can not only convert UCNPs into water-soluble, but also the surface car-boxyl groups can be further coupled with biomolecules. Parac-Vogt [42] prepared a novel multimodal contrast agent with biocompatibility by surface modification using PAA, showing that contrast agents doped with rare earth elements have very low cytotoxicity at 500µg/ml, no cell damage was detected. Ai [43] synthesized a highly soluble core-shell lanthanide-doped upconversion nanocrystals by using PAA for surface modification. And the carboxyl group on the PAA surface can be further coupled to biomolecules for further cellular applications. Beyerrell [44] prepared hydrophilic function UCNPs by poly (ethylene glycol) -phosphate ligands through the solvent heat pathways. Wang [45] prepared water-soluble UCNPs by surface modification using citrates. Many common organic molecules can be used as ligands to modify UCNPs, such as polyethylene glycol (PEG) [46] , polyvinyl alcohol (PVA) [47] , medroxyprogesterone 17-acetate (MPA) [48] , polyvinylpyrrolidone (PVP) [49, 50] , nitrosonium tetrafluoroborate (NOBF 4 ) [51] ect. Research shows that ligand exchange method is a simple, convenient and effective method.
Polymer coating method
UCNPs can be encapsulated by amphiphilic polymers and polyelectrolyte polymers through the layer-by-layer selfassembly method (LBL). The amphiphilic polymer coating is mainly carried on the surface of the nanoparticle by the Van der Waals force between the hydrophobic chain of polymer and the long alkyl chain of the hydrophobic UCNPs surface, finally the entire nanoparticle is watersoluble and biocompatible. Tang and coworkers [52] prepare UCNPs with stable water solubility by LBL. Positively charged polyallylamine hydrochloride (PAH) and negatively charged sodium polystyrene sulfonate (PSS) are connected to the surface of nanocrystals by LBL, and a large number of amino groups on peripheral linear polymer PAH can be further functionalized. Kim [53] et al. replaced the oleic acid ligand with N-(2-mercaptoethyl) carbamate tertbutyl ester with acid labile moiety that can be cleaved by UV light. As a result, the ligand is shortened and becomes more hydrophilic, also the dispersion of the particles is remarkably improved. Kamimura et al. [54] used negatively charged poly (ethylene glycol)-cation-poly (acrylic acid) to produce Y 2 O 3 type water-dispersed UCNPs by electrostatic effect. The surface coating of UCNP can also be achieved in hydrothermal method using protective block poly (ethylene glycol) copolymer layer [55] . Chatterjee and co-worker reported the synthesis of polyethylene imine (PEI) coated UCNPs by modified hydrothermal method [56, 57] . Commonly used modified polymers are PEI [58] , polypyrrole (PPY) [47] , Polydopamine (PDA) [59] [60] [61] , Poly (ethylene glycol)-poly (acrylic acid) diblock polymers (PEG-PAA) [62] and poly(4,5-dimethoxy-2-nitrobenzyl methacrylate) -b-poly(methoxy polyethylene glycol monomethacrylate) diblock copolymer(PNB-b-POEG) [63] , as show in Figure 5 . 
Silica coating method
UCNPs can be coated by silicon oxidition by covalent bonding of silane hydrolysis. Zhang [21] reported UCNPs compounds (combined with dyes and quantum dots) wrapped with silica by using the silica-coated method, as shown Figure 6 . The functional compounds can be issued in different colors of light and widely used in biological probes.
The silica coating method not only can use reverse microemulsion to encapsulate hydrophobic oil-soluble nanoparticles, but also can use microemulsion to encapsulate hydrophilic water-soluble. The encapsulated nanoparticles with good water solubility and biocompatibility are widely used in biomedical fields [64] by silica coating method. Qian [65] prepared mesoporous silicacoated UCNP by microemulsion method. First NaYF 4 type UCNPs are coated with TEOS (Figure 7) , subsequently, the mesoporous layer is formed by treating the silica layer with a mixture of TEOS and octadecyltrimethoxysilane (C18TMS). The coated particles are calcined at 500°C to remove excess C18TMS to obtain a mesoporous layer. Then, the photosensitizer zinc phthalocyanine is incorporated into mesoporous layer. Upconversion emission activates the photosensitizer to release singlet oxygen which may kill the cancer cells. Wang et al. [66] first prepared a NaYF 4 :Yb,Er type silica-coated UCNPs by stoy method, then the surface was modified with aminopropyltriethoxysilane amino groups. In silica coating method, neutral polymer can be used to stabilize the silica shell and control its thickness. Wang et al. [67] have synthesized UCNPs@SiO 2 with good dispersivity and uniform size by using neutral poly vinylpyrrolidone as stabilizer. Recently Wang et al. [68] prepared UCNPs covered with a thin thickness of silica layer by using cetyltrimethylammonium bromide(CTAB) as a template via sol-gel approach. The UCNPs@mSiO 2 surface containing CTAB can be further modified by grafting PAA to form a multifunctional nanocomposite for oral drug delivery. 
UCNPs@MOF
Besides above mentioned modification methods, the metal-organic frameworks (MOFs) material can also be used for the coating of UCNPs. MOFs are a class of crystalline nanoporous materials with well-defined pore structures [69] . Their unique properties such as high surface area and structural flexibility have endowed them a wide bio-application, ranging from sensors, drug delivery to bioimaging [70, 71] . Sumanta [72] 
Biological application of upconversion luminescent nanoparticles
Due to more special advantages over organic dyes and quantum dots, UCNPs have raised to be the most interesting candidate in biological field [40, 46-48, 51, 73, 74] . In recent years, with the development of nanotechnology and biotechnology, upconversion luminescent nanomaterials have been widely used in biomedicine, mainly in the following aspects:
Biological imaging
Because of few background fluorescence interference, UCNPs have high imaging sensitivity. Li [74] and his colleagues reported synthesis of NaYF 4 :Yb,Er@MIL-101_NH 2 with 100 nm diameter. The amino group on the surface of NaYF 4 :Yb,Er@MIL-101_NH 2 , is modified by poly(ethylene glycol)-2-amino ethyl ether acetic acid (NH 2 -PEG-COOH) and folic acid (FA), resulting in PEGylated UCNP@Fe-MIL-101_NH 2 @PEG-FA nanostructures (UMP-FA) and injected them into the diseased mice via the tail vein. There are clear biological imaging by 980nm excitation light irradiation which is shown in Figure 9 . NaYF 4 :Yb,Er@MIL-101_NH 2 mainly accumulates in the liver and there is no other interference of background fluorescence, which clearly exhibit the advantages of UCNPs on biological imaging. Wen [62] studied NaYF 4 :Yb/Er@NaGdF 4 for dualmodality fluorescence and magnetic resonance imaging. The element Gd as a protective layer enhanced UCNPs fluorescence intensity, and also as an contrast agent was used for magnetic resonance imaging. Liu [59] synthesized NaDyF 4 :Yb@NaLuF 4 :Yb and NaYF 4 :Yb/Er-Mn for biological imaging. Mn 2+ -based contrast agents can be used as T 1 -weighted MRI probes for visualizing delivery of cancer therapeutic drugs. UCNPs can be used to integrate a variety of imaging or therapeutic functions through surface modification, making them promising multifunctional nanoplatforms for diagnosis and treatment. For the first time, Wang's group [75] directly covered the near-infrared absorbing polymer PDA on UCNPs, and successfully constructed a multi-functional treatment system UCNP @ PDA 5 -PEG-DOX, which can simultaneously achieve up-conversion luminescence (UCL) imaging, T1-weighted magnetic resonance imaging (MRI), X-ray computed tomography (CT) imaging, photothermal therapy (PTT), chemotherapy. PDA not only shows a good photothermal effect, but also can be used as a drug carrier for chemotherapy. Figure 10 shows the in vivo MR, whole-body CT images and 3D volume rendering CT images of nude mice after intravenous injection of UCNP@PDA 5 -PEG at different timed intervals, we find that the signal is significantly enhanced over time. These These results have demonstrated that the UCNP@PDA 5 -PEG can be employed as contrast agents for in vivo UCL/MRI/CT imaging. Liu and colleagues [76] developed a binary contrast agent based on PAA modified BaYbF 5 :Tm nanoparticles for direct visualization of the gastrointestinal (GI) tract, displaying low cytotoxicity and negligible hemolysis. Unlike clinically used barium meal, low concentrations of PAA-BaYbF 5 :Tm can be performed for X-ray imaging of the digestive tract and exhibiting admirable solubility and monodispersity, which greatly reduces the artifacts in the imaging process greatly improve the imaging effect. The in vivo X-ray CT contrast potency of PAA-UCNP was significantly enhanced relative to meglumine pantothenate. Moreover, blood biochemistry assay unambiguously reveal their overall safety and great potentials in biomedicine. Xu and co-workers [77] integrated NaGdF 4 doped UCNPs with the Mn-doped silica shell. The Mn-doped silica shell is sensitive to intratumoral acidity and reducibility, causing biodegradation of the shell and further accelerating Si-O-Si bond rupture. Mn release causes MRI effect and Gd 3+ / Yb 3+ / Nd 3+ / Er 3+ co-doped UCNP MRI / CT / UCL imaging under 808 nm laser excitation confers multiple imaging capabilities to nanosystems, thereby achieving imaging-guided cancer treatment.
Biologists study intracellular dynamic behavior or nanoscale proteins through a lossless, real-time imaging optical microscope. Due to the existence of optical diffraction limits, conventional far-field optical microscopy cannot observe these life activities at the 200 nm scale. In recent years, super-resolution imaging technology that overcomes the optical diffraction limit has developed rapidly. Currently, UCNPs have been successfully applied to superresolution microscopy due to significant light penetration depth, ultra-low autofluorescence background and minimal phototoxicity. Jin [78] reported that Yb/Tm codoped UCNPs are excited by near-infrared light, and blue fluorescence emission can be suppressed. They use this property to design a low-power super-resolution stimulated emission depletion (STED) microscope and realize nanoscale optics. The resolution is 28 nm, which is 1/36 of the wavelength. Recently, Jin [79] introduced that the new near-infrared emission saturation (NIRES) nanodetection mode for deep tissue super-resolution imaging can achieve the same level of imaging resolution (<50 nm) by using simple settings. In the imaging of 93 µm thick liver tissue, they achieved sub-50nm resolution, 1/20th of the excitation wavelength by using 980 nm excitation and detecting at 800 nm. In addition to the above findings, many research teams are now working on UCNPs bioimaging.
Biological detection
In recent years, chemical biosensors based on the Förster Resonance Energy Transfer (FRET) have been widely used in biomedical and other fields. FRET means when the fluorescence spectrum of one fluorescent molecule (donor) overlaps with the excitation spectrum of another fluorescent molecule (acceptor), donor fluorescent molecule can induce the fluorescence of acceptor, the fluorescence intensity of the acceptor increases with the donor fluorescent molecule itself decaying. The emission wavelength of UCNPs can be controlled by adjusting the elements species and doping ratio. UCNPs are used as energy donors and match energy acceptors to achieve the target detection by FRET. UCNPs can be coupled with DNA, Au nanoparticles, organic dyes, carbon nanoparticles, polyphenylene diamine polymer (PMPD) and other groups. When the groups are coupled, the FRET between them can be achieved and a high sensitive chemical sensor can be designed for bimoleculars detection. As shown in Figure 11 , Ren [80] group reported sandwich-DNAHybridization FRET strategy for miR-122 detection. Capture DNA-functionalized UCNPs can be regard as energy donor, another short DNA strand labeled with dye of N,N,N',N'-tetramethyl-6-carboxyrhodamine(TAMRA) can be used as energy acceptor, because of the corresponding of UCNPs and TAMRA at 545nm. When miR-122 hybridizes with two above DNA strands, UCNPs and TAMRA can close to each other, resulting the FRET from UCNPs to TAMRA. With the miR-122 concentration increasing, the signal at 545 nm weakens, and the peak at 580 nm strengthens. The changes of the signals can be used as the detection for Li [82] reported that the hydrophobic iridium complex was assembled on the surface of NaYF 4 :Yb/Er by Van der Waals force (hydrophobic force). At this time, the complex of iridium could effectively absorb the light at 540 nm and result in fluorescence quenching by FRET. Cyanide ions (CN − ) could react with the iridium complex to destroy the iridium conjugate structure, so that the iridium complex lost the absorption ability of 540 nm light. The emission peak at 540 nm of the UCNPs was retained, and the detection of CN − was achieved by the change of fluorescence intensity at 540nm. The mechanism are shown in Figure 12 (1). Figure 12 
New type of cancer photodynamic therapy
Photodynamic therapy refers to the transfer of some drugs (Photosensitive molecules) into tissues under light conditions to absorb photon energy to produce reactive oxygen species (O 2− , 1 O 2 ), finally result in the destroy of the nearby tumor cells. The low cost, the minimum side effects, high efficiency and minimal extra trauma [34, 82] are the specific advantages of the method. Zhang group [83] reports hyperbaric oxygen-assisted and upconverted nanophotosensitive agents (UNPSs) to mediate synergistic photodynamic cancer treatment. They effectively solved the problem that hypoxic tumor microenvironment and tumor extracellular matrix (ECM) limit the availability of molecular oxygen and the depth of delivery of photosensitizers (PSs) within tumors. First, the UCNPs with high tissue penetration depth and ROS-generating PSs are combined to synthesize UNPSs, and energy resonance transfer can occur between them. When near-infrared light is excited at 808 nm the HBO-assisted photodynamic process can remodel the tumor microenvironment by breaking down the collagen matrix in the ECM. Even in the hypoxic tumor microenvironment, efficient photodynamic processes can be activated by energy transfer from the upconversion core to the RB, and then sensitized to produce cytotoxic ROS. Schematic diagram is shown in Figure 13 . Yang [58] and his colleagues synthesized a twophotodynamic therapy system by using two photosensitizer molecules g-C 3 N 4 and CDs which could absorb light by UCNPs emitted at 980nm excitation. The twophotodynamic therapy system could decompose oxygen in the tissue to produce reactive oxygen to kill cancer cells. It overcomes the shortcomings of the UV tissue penetration depth and achieve the maximum use of light energy. Mechanism as shown in Figure 14a . Figure 14b ,c show that the therapeutic effect of UCNPs-g-C 3 N 4 -CDs@ZIF-8 at 980 nm laser on cancer is better than that of the control. Figure 13c shows that UCNPs-g-C 3 N 4 -CDs@ZIF-8 composite has no significant difference compared with the control group, high cell viability can be more than 80%.
Because of nontoxic, good biocompatibility, excellent biological imaging ability and effective cancer treatment, many research groups have conducted research on photodynamic therapy based on various upconversion luminescent nanoparticles, such as NaDyF 4 :Yb @ :Yb/Er@Polydopamine [59] , NaYF 4 :Yb/Er @ PPy [47] , NaYF 4 :Yb/Er @ NaYF 4 :Yb @ NaNdF 4 :Yb [84] , mesoporous-silica-coated UCNPs [65] etc. The new type of cancer photodynamic therapy displays a very large application prospect.
Summary
In this study, the luminescence mechanism, preparation method, surface modification of upconversion fluorescent nanoparticles and application in biomedical field are discussed. By controlling experimental conditions, the shape of the particles can be topographically controlled, and the size is usually uniform. The excellent properties of UCNPs series overcome the shortcomings of low penetrability, destructive biological tissue and interference of autofluorescence of fluorescent dyes and quantum dots, and UCNPs have been widely used in the field of biomedicine. As the reports about UCNPs increasing year by year, UCNPs undoubtedly can replace the traditional fluorescent materials, while there is still a large gap for clinical applications. In order to better application of UCNPs in the biomedical field, high photosensitized upconversion nanoparticle with smaller size, higher loading rate and more tunable color performance is still a challenge. Designing lowbiotoxic, multiphoton excited near-infrared fluorescent probes, with significantly high bioimaging resolution and high imaging depth, is an important direction for the development of biomedical fluorescent probes. In the near future, with the rapid development of upconversion luminescent nanoparticles, coupled with scientific and technological improvements, making the UCNPs technology become a universal solution to solve many of today's challenging medical problems maybe possible.
